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Abstract 
A complete pre-industrial prototype implementation of an innovative system capable to detect, classify and 
describe passing vehicles is presented. This work defines the architecture of an autonomous road sensor network to 
reduce the impact of conventional magnetic wired systems in roads. The power supply is supported by no 
rechargeable batteries, communications are supported by IEEE 802.15.4 technology used to transmit digitalized 
vehicle’s magnetic signatures used by classification processing servers. This information is acquired using a 
magnetometer translating of Earth’s natural magnetic field variation caused by ferromagnetic components, induced 
by vehicles. Results show a clear and distinguish magnetic signatures among different vehicles, being possible to be 
used in a vehicles classification system. 
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1. Introduction 
With the increasing number of vehicles travelling, the need of road traffic control and monitoring also increases. 
Available technologies includes inductive loops, video image processing, weight-in-motion, pneumatic tube, 
infrared and magnetic sensors. Inductive loops presents high installation and operation costs. Camera image 
processing requires expensive specialized processor unit per equipment and is sensible to meteorological conditions. 
Other remaining techniques have a smaller range of application when compared with magnetic sensors [1]. 
 
The sensor technology used in this work is the Anisotropic Magnetic Resistance (AMR) with a magnetic 
resolution of one part in ten thousand of the Earth magnetic field [2] [3]. With such a good precision, it has been 
clear during the development that the quality of the electronic design plays an important role to retain this level of 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of ISEL – Instituto Superior de Engenharia de Lisboa, Lisbon, PORTUGAL.
RE
TR
AC
TE
D
633 Filipe Palhinha et al. /  Procedia Technology  17 ( 2014 )  632 – 639 
precision. For this application the Earth magnetic field has an important advantage since it is present anywhere on 
Earth. Inductive loop requires the production of an artificial magnetic field with significant energy consumption and 
the need for external power supply among other installation requirements.  
 
The natural magnetic field may vary from 0.2 to 0.7 Gauss, its lines of forces are not horizontal but oblique, 
changing place to place in strength and inclination. The field intensity depends on weather and the season. 
Therefore, do not offer stability or accuracy like artificial inductive loop [3]. This variability is a challenge that must 
be solved in the developed device. 
 
This prototype transmits data using a low bit rate wireless communications with low energy consumption, the 
IEEE 802.15.4. The installation and operation cost of the proposed road sensor are expected to be much lower when 
compared with the inductive loop systems solutions.  
 
The study of magnetic sensors is a natural development of this strategy. Works of other research centers have 
been studied in order to gain knowhow. [4] [5] [6]. 
 
To describe the work in more detail, this paper is structured as follows: in Section 2, the system architecture is 
presented, in Section 3 the implementation overview is provided, Section 4 discuss the obtained results, while in 
Section 5 conclusions and future work are summarized. 
2. System Architecture 
The aim of this project is to design a system capable of counting and classify vehicles based on the disturbance 
caused by moving vehicles in the Earth´s local magnetic field, in real-time, and transmitted over wireless industrial 
communications, Figure 1.  
 
 
Figure 1 – System Architecture Overview. 
 
The project covers the study of wireless communications capable to set a network of road sensors, being the 
sensor autonomy a key driver for this work. 
 
It is studied the real-time scanning of the magnetic signature left by a passing vehicle in the Earth's magnetic 
field and its radio transmission to a server. The development is focused on hardware and software optimizing a new 
road sensor prototype, which is tested in real conditions. 
 
The developed prototype integrates a few major components: the signal acquisition device, communications 
transceiver, processor [7] and power supply (battery) as shown in Figure 2. 
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3. Development 
3.1. Electronic components 
The AMR sensor that provides a small tension variation between two outputs that must be followed by a stage of 
operation amplifiers (OpAmps) that provides a bias correction and an amplification operation. 
 
These 2 operations can be performed in one circuit or via several OpAmp in cascade, depending on the 
pretended level of precision and gain. The signal is conditioned to remain into the range of [0, VCC] Volts, where 
VCC is the power supply voltage. 
 
The amplified signal is then redirected to a microcontroller that can digitalize, store the data signature and send it 
through the wireless radio subcomponent after capturing the magnetic signature. 
 
The sensor used to acquire the distortion that each vehicle sets is based on resistive elements. These elements are 
placed in a Wheatstone bridge shown in Figure 3 that allows the comparison between two tensions that come from 
two resistive dividers. Each resistive divider is made of two branches which are composed of 6 Permalloy magneto-
resistive elements oriented at 45º. Each branch elements are positioned at 90º of their companion branch elements.  
When a branch has low magnetic resistance, its companion branch will have a high value. Both dividers are in a 
mirrored conformation and responds in an opposite way allowing a maximum tension difference between them. 
 
Figure 3 - Structure of the Honeywell sensor [2]. 
 
3.2. Orientation and attenuation 
The maximum radiation power generated by sensor’s antenna should be in a quarter of hemisphere in the 
direction of the road side since the sensor is always oriented toward the vehicles direction. Presently, it is planned to 
use an isotropic ceramic antenna embedded into the cover of the road sensor, allowing the coordinator installation 
anywhere around. To increase radio link performance it is recommended to use directional antennas to support 
adverse weather like rain and snow. 
 
The coordinator must be oriented with a vertical angle of a least 30º and must use a directive antenna. For sharp 
angles the link attenuation rises quickly because there is no line of sight between antennas. In fact, the road sensor in 
located inside a hole that is a kind of a wave guide and the isotropic radiation of the ceramic antenna is affected and 
therefore the majority of the radiation goes vertically. The attenuation caused by the cover material was taken into 
account and some tests were made using acrylic, glass and asphalt materials and 1 dB/cm of attenuation was 
obtained. This is surprising but asphalt is made of very long aliphatic chains and is hydrophobic so the result is 
coherent with other similar material like plastics. Modified asphalt with the substitution of the gravel with adequate 
low attenuation material can constitute a good cement to embed the device into the road. RE
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3.3. Processing and communication unit 
The prospection of electronics components to build a Low Rate Wireless Personal Area Network (LR-WPAN) 
was limited essentially to the wireless solution available for the Industrial Security and Medical (ISM) band without 
licensing procedure. The IEEE 802.15.4 compliant components offers a better choice and a market research was 
made in order to select a good and reliable solution. The selected component accept the digitalization of up to 8 
analogue inputs, offers 8 kB of RAM, one transceiver for 2.4 GHz IEEE 802.15.4 compliant, one OpAmp and two 
power outputs [7]. 
3.4. Firmware development 
Applications have been built for road sensor, coordinator, and control panel. The software developed for the road 
sensor incorporates duty cycles for detection and scanning, followed by low energy pauses, where radio 
communications are turned on only when data needs to be transferred.  
 
The road sensor firmware was developed to sample the magnetic signature of passing vehicles at ʹͷͲ, which 
means that a car with ͷ long at ͳͺͲȀ is sampled 25 times and a vehicle at ͵ͲȀ 150 times. This sample 
frequency should be adjusted taking into account the required resolution required by the classification algorithm and 
the maximum speed expected. 
 
The speed calculation is done by the coordinator which receives signatures from two sensors placed linearly 
along road lanes. This requires that the sensors have the exact time mark. To accomplish this, the coordinator must 
ensure that both sensors are synchronized in time, by transmitting a dedicate time control frame.  
 
The ZigBee stack was removed from the first version and a proprietary firmware was developed to manage the 
microprocessor and communications to improve battery life expectancy since ZigBee stack has higher power 
requirements. An abstraction layer was created to work directly with the MAC IEEE 802.15.4 hardware peripheral 
of the microprocessor. 
3.5. Power management 
To obtain a significantly power saving the sensors need to turn off the RF Transceiver. This means that the 
sensors are incommunicable and can’t receive commands from coordinator, this prevents the temporal 
synchronization needed to speed calculation. To bypass this problem the coordinator had to manage the sensors 
communication sending commands to turn off the RF Transceiver when they are anymore required or to keep 
communications ON during a certain time when synchronization need to be done. In 
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Figure 4 is represented the message exchange between sensors and coordinator to perform the synchronization 
process and keep sensor in low power mode. 
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Figure 4 - Message exchanges between sensors and coordinator to perform synchronization 
The power saving algorithm increases power saving in more than 828% when we have 320000 cars per day and 
2300% at 5000 cars per day, Figure 5. Turning OFF the RF Transceiver causes a power reduction from ͳͲͳܹ݉ to 
͵Ǥͻܹ݉. However, this algorithm requires an accurate synchronization between road sensors and their coordinator. 
The range values used in number of cars per day was based on the Brisa traffic report [8]. 
 
 
Figure 5 – Communications impact on sensor autonomy. 
3.6. Power sources 
In a power saving energy mode spending ͳǤͳ݉ܣ, this sensor represents a very low drain voltage equipment 
enabling the use of none rechargeable batteries. The Lithium Batteries used offers a capacity of ͳ͹ܣ݄ at ͵Ǥ͸ܸ, the 
lifetime is more than a 1.5 times the capacity of an Alkaline and have a very low discharge current, about 1% per 
year.  RE
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4. Results 
A prototype was developed, Figure 6, and tested on the road. 
 
 
Figure 6 - Sensor Prototype 
 
A significant amount of signatures of different cars have been acquired in this work, some examples are show in 
Figure 7. As one can observe, differences between different models are quite significant. It’s also possible to 
estimate the car dimension based in the signature length and speed calculation, although the magnetic field of the car 
is detected before the car is above the sensor leading to a bigger signature. These features can therefore be used by a 
classification algorithm or system. 
 
 
BMW One Series signature. 
 
Opel Corsa B signature. 
 
Citroen C4 2008 
 
Renault Clio 1992 
 
Honda Civic 2002 
 
Renault Megane Berlina 
Figure 7 - Magnetic car signatures examples 
The obtained results confirm the possibility of using this technology for vehicle detection, counting, speed 
measuring and signature capture for classification using a magneto-resistance sensor.  RE
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5. Conclusions 
The developed firmware processes successfully the captured magnetic signature and allows confirming that for 
each tested vehicle, there was a very distinctive signature with significant variation between successive tests for the 
same car, although it depends on vehicles’ positions in the road (sensor location). 
The developed speed detection algorithm performs well and provides a discrimination factor for the 
classification engine.  
 
It is expect, from the consumption model and the test with POWER_SAVING firmware feature, to achieve 2 
years of permanent operation when cars are less than 5000 per day and 1 year when 160000 per day. 
 
This sensor type should be inserted into a permanent chamber embed into the road and be easily maintained, 
providing the best precision available with this technology. 
 
To optimize the current solution and decrease production and maintenance costs, the produced sensor have only 
one axis detection and one battery support. 
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